A protein kinase C (PKC)-encoding gene (pkcA) was isolated from the filamentous fungus Aspergillus nidulans. Although we attempted to isolate pkcA deletion mutants, we obtained only heterokaryons that had both ÁpkcA and pkcA þ nuclei. Conidia produced by the heterokaryon germinated. The germ tubes, however, lysed frequently and no colony formation was observed, indicating that the pkcA gene is essential to the viability of A. nidulans. We constructed conditional mutants (alcA(p)-pkcA mutants) that expressed pkcA under the control of the alcA promoter (alcA(p)). Under alcA(p)-repressing conditions, their colonies were smaller than those of the wild-type strains and their hyphae lysed frequently. These phenotypes were not remedied under moderate-or high-osmolarity conditions; the growth defect deteriorated further under the latter. Under alcA(p)-inducing conditions, the alcA(p)-pkcA mutants also showed growth-sensitivity to cell wall destabilizing agents. These results indicate that pkcA plays an important role in the maintenance of cell integrity.
Protein kinase C (PKC) is an enzyme that is conserved among eukaryotes. Mammalian cells have 10 isoforms that are divided into three classes. 1) In contrast, yeasts have only one or two PKCs that share structural features with the three classes of mammalian PKCs. One PKC gene (PKC1) for the budding yeast Saccharomyces cerevisiae and two (pck1 þ , pck2 þ ) for the fission yeast Schizosaccharomyces pombe have been identified and extensively studied. These fungal PKCs have a serine/threonine kinase domain, regulatory domains, (viz., the C1, C2, and HR1 domains), and a pseudosubstrate sequence. In S. cerevisiae, the C1 and HR1 domains are involved in interaction with the small GTPase Rho1. [2] [3] [4] Although the functions of the C2 domains of fungal PKCs remain unclear, the C2 domain of Pkc1 localizes GFP to the mitotic spindle. 5) Pseudosubstrate sequences are short amino acid sequences that resemble the amino acid sequences of substrate proteins except in that the phosphoacceptor residue is occupied by alanine. Pseudosubstrate sequences are thought to mask the catalytic site of the PKC molecule and to maintain PKCs in an inactive state. 4, 6) PKCs of S. cerevisiae and S. pombe are involved in the regulation of cell wall construction via several mechanisms. 7, 8) In S. cerevisiae, Pkc1 activates the MAP kinase signaling cascade in response to cell wall damage, thus activating the transcriptional response.
9) It also regulates the transport of chitin synthase (Chs3). 10) Pck1 and Pck2 of S. pombe regulate glucan synthesis. [11] [12] [13] Other mechanisms of regulation, such as the organization of the actin cytoskeleton, have also been reported. 7, 8) PKCs were isolated from other fungi, including dimorphic fungi and filamentous fungi. 7, [14] [15] [16] [17] [18] [19] [20] Deletion of PKC1 of the dimorphic fungus Candida albicans resulted in cell lysis, which was remediable by osmotic support. 18) Studies of N. crassa identified its PKC as a component of the blue light response. 21, 22) However, since deletion mutants have not been constructed in any filamentous fungi, the physiological importance of PKCs in filamentous fungi has not been fully elucidated. Recently, cloning and characterization of pkcA of A. nidulans have been reported by three groups. [23] [24] [25] They have suggested that pkcA is involved in cell wall integrity and penicillin production.
In this study, we isolated a PKC-encoding gene (pkcA) from Aspergillus nidulans. We found that pkcA is essential to viability and we suggest that it is involved in the maintenance of cell integrity. This is the first report indicating that PKC-encoding gene is essential to the viability of filamentous fungi.
Materials and Methods
Strains, reagents, and growth conditions. The A. nidulans strains used in this study are listed in Table 1 . Strains were cultured at 37 C. Minimal medium (MMG or MMTF) was prepared as described by Rowlands and Turner. 26) In MMG, 2% glucose was added as sole carbon source. In MMTF, 100 mM threonine and 0.1% fructose were added as carbon sources. YG medium (0.5% Bacto yeast extract, 1% glucose, 0.1% v/v trace element solution 26) ), Y2G medium (glucose concentration of YG medium was changed to 2%), and YTF medium (100 mM threonine and 0.1% fructose were used instead of the glucose of the YG medium) were also used. MMTF and YTF were used as conditions to induce alcA expression. Y2G or MMG was used as an alcA(p)-repressing condition. For the growth of argB2, biA1, and pyroA4 mutants, 0.50 mg/ml arginine, 0.02 mg/ml biotin, and 0.50 mg/ml pyridoxine respectively were added to MMG or MMTF. For the growth of pyrG89 mutants, 5 mM uridine and 10 mM uracil were added to MMG, MMTF, Y2G, or YTF. Solid media were prepared by adding 1.5% agar. Congo Red (Wako Pure Chemicals, Kyoto, Japan), Micafungin (a gift of Astellas Pharma, Tokyo, Japan), and Polyoxin B (Dr. Ehrenstorfer GmbH, Augsburg, Germany) were used.
Oligonucleotides. The oligonucleotides used were pkc.ATG.Spe (5 0 -CCACT AGTATG GACGG GGACG AG-3 0 ; italics indicate a SpeI site, and underlined letters indicate the pkcA start codon), pkc.est.398as (5 0 -CTT-CA AAGCG ATGCG-3 0 ), pkc.est.398s (5 0 -CCAAG 
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, and pkcAR cPCR (5 0 -GCAGT TGTTC TAGCG GTG-3 0 ).
DNA manipulation and construction of plasmids. Standard techniques were used for DNA manipulation and construction of plasmids. 27) PCR was performed using the Expand High Fidelity PCR System (Roche Diagnostics, Basel, Swiss), KOD-Plus-(Toyobo, Osaka, Japan), or iProofÔ High-Fidelity DNA Polymerase (Bio-Rad, Hercules, CA). DNA sequences were determined using an ABI PRISM BigDye Terminator v3.0 Cycle Sequencing Ready Reaction Kit and an ABI PRISM 310 Genetic Analyzer (Applied Biosystems, Foster City, CA).
pBS-PKC2.5 contains the C-terminal half coding region and the 3 0 -non-coding region of the pkcA gene (see below). To construct pT-pkc.ATG.Spe-1, a 1.7-kb fragment was PCR-amplified from total DNA of FGSC A26 using primers pkc.ATG.Spe and pkc.est.398as, and was cloned into pGEM-T Easy Vector (Promega, Madison, WI). The cloned sequence did not contain any PCR error. pPM1, which contains the entire pkcA ORF with a SpeI site in front of the start codon, was constructed by ligating the 5.4-kb BssHII-SpeI fragment of pBS-PKC2.5 and the 1.6-kb BssHII-SpeI fragment of pT-pkc.ATG.Spe-1. pT-pkc.up.3.4-9 contains the Nterminal half coding region and 1.8-kb upstream sequence of pkcA (see below). ppkcA, which contains the entire pkcA gene, was constructed by ligating the 7.0-kb SacI fragment of pPM1 and the 1.8-kb SacI fragment of pT-pkc.up.3.4-9. pPS was constructed by inserting a 1.5-kb HincII-XmnI fragment of the inverse PCR product (see below) into the XbaI site of pSS1, a plasmid containing the argB gene. 28) pPSP, which was used for transformation to delete pkcA, was constructed by inserting a 2.0-kb fragment of pBS-PKC2.5 (3864-5816 of the pkcA sequence, accession no. AB103459) into the SphI site of pPS. The 3 0 -terminus of that 2.0-kb fragment resulted from ScaI digestion. Unexpectedly, its 5 0 -terminus did not result from ScaI digestion but from non-specific digestion. pAAL, which contains the alcA promoter and argB, was constructed by inserting a 0.4-kb BamHI-EcoRI fragment of pAL3 29) into the SphI site of pSS1. pAALS1 was constructed by ligating the 2.1-kb SmaI-XbaI fragment of pAAL and the SmaI-XbaIdigested pBSII SK+. pPAAL was constructed by inserting a 1.5-kb HincII-XmnI fragment of the inverse PCR product (see below) into the XbaI site of pAALS1. pPAALP, which was used for transformation to express pkcA under the alcA promoter, was constructed by inserting a 1.6-kb BssHII-SpeI fragment of pTpkc.ATG.Spe-1 into the SmaI site of pPAAL. pPYROAwA was constructed by ligating the 14-kb EcoRI fragment of pNK3, 30) which contains whole wA gene of A. nidulans, and the EcoRI-digested pUCPYROA. 31) Isolation of the pkcA gene. A. nidulans EST database (http://www.genome.ou.edu/fungal.html) was searched for EST clones derived from PKC-encoding genes by keyword search. Two contigs were identified (accession nos. AI210079 and AI210209). They encode two different parts of known fungal PKCs. The sequence of AI210079 encodes a polypeptide that is similar to 100 amino acid segments, including pseudosubstrate sequence and cysteine-rich domain, of known fungal PKCs. The sequence of AI210209 encodes a polypeptide that is similar to the C-terminal region of known fungal PKCs. Primers pkc.est.398s and pkc.est.as were designed from the nucleotide sequences of the two contigs. A 2.6-kb fragment was PCR-amplified from FGSC A26 total DNA using the two primers, and was cloned into the SmaI site of pBSII SK+, yielding a plasmid, pBS-PKC2.5 (the direction of pkcA transcription is from SacI to KpnI of the multiple cloning site of pBSII SK+). The cloned fragment had exactly the same sequence as the PCR-product, which was determined prior to its cloning.
The N-terminal coding region and promoter region of pkcA were obtained by inverse PCR. Total DNA from FGSC A26 was digested with several restriction enzymes and subjected to Southern analysis using a 1.0-kb SpeI-SphI fragment of pBS-PKC2.5 as a probe. Since a 4.0-kb band was detected in an XmnI-digested sample, XmnI-digested total DNA was electrophoresed and 4.0-kb DNA fragments were recovered from the gel. The DNA fragments were subjected to ligation, and then to PCR using primers pkc.482as and 398.291.405. A 3.5-kb fragment was amplified, and its sequence was determined. A primer, pkc.Xmn.1s, was designed from the sequence. A 3.4-kb fragment was PCR-amplified from FGSC A26 total DNA using primers pkc.Xmn.1s and pkc.2.5.119a, and its sequence was determined; it was the same as that determined for the inverse PCR product. This 3.4-kb fragment was cloned into pGEM-T Easy Vector, yielding pT-pkc.up.3.4-9. The sequence of the cloned fragment was the same as that of the PCR product.
Introns were identified by sequencing RT-PCR products. Reverse transcription was performed using total RNAs treated with deoxyribonuclease (RT grade, 313-03161, Nippon Gene, Tokyo, Japan) and ReverTra Ace reverse transcriptase (Toyobo). The pkcA sequence was deposited with DDBJ (accession no. AB103459).
Construction of A. nidulans strains by transformation. Transformation was performed as described by May. 32) To obtain pkcA deletion mutants, ABPUS/sC/ PG-22 (arginine auxotrophic wild-type strain) was transformed with a 4.3-kb PstI-XhoI fragment of pPSP. Total DNAs obtained from transformants were digested with EcoRV and subjected to Southern analysis using a 5.8-kb ScaI-SpeI fragment of ppkcA as a probe. In the case of the wild-type strain, a 7.5-kb band was detected. In the case of heterokaryons and heterozygous diploids containing both transformed-and untransformed-pkcA alleles, 3.2-kb and 3.8-kb bands were detected together with the 7.5-kb band. The heterokaryons were designated ///pPSP-11, and -12. A diploid transformant was designated ///pPSP-16d. The presence of the deleted pkcA allele was further confirmed by PCR using primers pkc.Xmn.1s and argB.2068 (the sequence of pkc.Xmn. 1s was absent in the DNA fragment used for transformation), which amplifies a 1.6-kb fragment only in the presence of the deleted pkcA allele. Although the 7.5-kb band was not detected in some transformants in Southern analysis, we confirmed presence of the wildtype allele in those transformants by PCR using pkc. ATG.Spe and pkc.2.5.398as, which amplified a 1.7-kb band. ///pPSP16dwA strains were constructed as follows: ///pPSP16d was transformed with pPYROAwA and the transformants with green conidia were selected. They were designated ///pPSP16dwA-1, 2, 3, 4, 5, and 6.
To isolate the pkcA-deletion mutants from a ku strain, FGSC A1149, we used the double-joint PCR method. 33) The fragment used to delete the pkcA gene was prepared as follows: The pyroA fragment was PCR-amplified from pUCPYROA 31) using primers pyroAF and pyroAR. The 1.1-kb upstream and 1.1-kb downstream fragment of the pkcA coding region was PCR-amplified from FGSC A26 total DNA using primer sets, 5pkcAF and 5fpkcAR, and 3fpkcAF and 3pkcAR respectively. These amplified fragments were jointed by the doublejoint PCR method using primers, 5pkcAF and 3pkcAR, and further amplified with ''nested'' primers, 5npkcAF and 3npkcAR. FGSC A1149 was transformed with the double-jointed product. The total DNAs obtained from the transformants were digested with BglII and subjected to Southern analysis with a 1.1-kb pkcA downstream fragment as a probe. While a 2.0-kb band was detected in FGSC A1149, a 3.5-kb band and the 2.0-kb band were detected in a transformant, indicating that this transformant contained both transformed-and untransformed-pkcA alleles. The presence of the deleted pkcA allele in this transformant was confirmed by PCR using pkcAF cPCR and pkcAR cPCR as primers (data not shown). Since this transformant did not grow on selection medium, but grew well on nonselection medium, we concluded that it was a heterokaryon, and we designated it ÁpkcA3-1h.
To obtain conditional pkcA mutants that express pkcA under the control of the alcA promoter (alcA(p)-pkcA mutants), ABPUS/sC/PG-22 was transformed with a 5.0-kb CpoI-XhoI fragment of pPAALP. The total DNAs obtained from the transformants were digested with EcoRV and subjected to Southern analysis using a 5.8-kb ScaI-SpeI fragment of ppkcA as a probe. In the case of the wild-type strain, a 7.5-kb band was detected. In three transformants, 3.2-kb and 6.1-kb bands were detected. These transformants were designated ///pPAALP-20, -29, and -32.
Haploidization of A. nidulans. Haploidization of ///pPSP16d was performed on a Y2G plate containing 0.50 mg/ml benomyl (Sigma, St. Louis, MO). 34) Haploidization of ///pPSP16dwA-1$6 was performed by the method of Kaminskyj (http://www.fgsc.net/fgn48/ Kaminskyj.htm). Briefly, conidia of ///pPSP16dwA strains were spread on YG plates, and 20 ml of 10 mg/ml benomyl in ethanol were dropped on the center of each plate and incubated for 3 d at 37
C. The mycerial margin of the growth inhibitory zone was transferred to the YG plate and incubated for 3 d at 37
C. We isolated conidia from one to five white sectors of colonies of six ///pPSP16dwA strains.
Microscopy. Conidia from each strain were spread on a thin MMG plate containing biotin, pyridoxine, uridine, and uracil. After 24 h of incubation, small pieces of agar were cut off and the hyphae were observed using an Olympus BX52 (Olympus, Tokyo, Japan). Images were taken with an ORCA-ER CCD camera (Hamamatsu, Shizuoka, Japan), and analyzed with Aquacosmos software (Hamamatsu).
Total RNA isolation and Northern analysis. Conidia (5 Â 10 7 ) from each strain were inoculated into 50 ml of Y2G media or MMTF and cultured for 20 h. Total RNAs were isolated from mycelia using an RNeasy Mini Kit (Qiagen, Hilden, Germany). A 5.8-kb ScaI-SpeI fragment of ppkcA was used as a probe.
RT-PCR. Reverse transcription of RNA was done using an ExScriptÔ RT reagent Kit (Perfect Real Time) (Takara, Otsu, Japan) according to the manufacturer's instructions. Real-time PCR was done with a primer set of CA000140-F (5 0 -GAGGGCCGACGAATTGAGAG-3 0 ) and CA000140-R (5 0 -TTAGCGGCTTGCGCAGA-TT-3 0 ) using SYBR Premix Ex Taq (Perfect Real Time) (Takara) according to the manufacturer's instructions.
Protein kinase C (PKC) activity assay. Conidia (5 Â 10 7 ) from each strain were inoculated to Y2G media (100 ml) and MMTF (50 ml), and cultured for 12.5 h and 20 h respectively. Mycelia were harvested by filtration through a glass filter. Approximately 0.20 mg (wet weight) of mycelia was suspended in 400 ml of extraction buffer (25 mM Tris-HCl, pH 7.3, 10 mM EDTA, pH 8.0, 10 mM EGTA, pH 7.3, 0.2% Nonidet P-40, 1 mM dithiothreitol, 1 mM PMSF, 5 ml/ml protease inhibitor cocktail (P 8215, Sigma), 10 ml/ml phosphatase inhibitor cocktail 1, P 2850, Sigma, 10 ml/ml phosphatase inhibitor cocktail 2, P 5726, Sigma), and was disrupted in Multi-beads shocker (Yasui Kikai, Osaka, Japan) using metal corns (2,000 rpm., 30 s Â 3, 4 C), and subsequently using glass beads (2,000 rpm., 30 s Â 3, 4 C). The homogenates were centrifuged at 15;000 g for 10 min at 4 C and the supernatants (crude extracts) were used in PKC activity assays. Protein concentrations were quantified using a Bio-Rad protein assay kit (BioRad). PKC activity was measured by the SignaTECT Protein Kinase C (PKC) Assay System (Promega). Crude extracts were diluted to a concentration of 0.2 mg/ ml proteins. Five ml of reaction buffer containing peptide substrates, [-32 P] ATP, and phospholipids were prewarmed at 30 C for 3 min. The kinase reaction was started by the addition of 5 ml of diluted crude extracts or extraction buffer, and was performed for 10 min at 30 C. PKC activity was not largely affected by the exclusion of phospholipids from the reaction buffer (data not shown). A biotinylated peptide (Bio-RQG-SVRQRKE), designed based on the pseudosubstrate sequence of PkcA, was synthesized (Sawady Technology, Tokyo, Japan), and was used as a PkcA-specific substrate. We also used a biotinylated peptide of Neurogranin (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) , a component of the kit, as a general PKC substrate. Termination of reaction, immobilization of substrates on a membrane, and measurement of radioactivity by scintillation counting were performed following manufacturer's instructions.
Results
Isolation of a protein kinase C (PKC)-encoding gene, pkcA
To isolate a PKC-encoding gene from the A. nidulans genome, we first utilized the online EST database (see ''Materials and Methods''). We identified two contigs that were potentially derived from the PKC-encoding gene(s) (accession nos. AI210079 and AI210209). The polypeptides encoded by these sequences were similar to those in conserved regions in the C-terminal half of known fungal PKCs. Since only one PKC-encoding gene is present in the N. crassa genome (http://www. broad.mit.edu/annotation/genome/neurospora/Home.html), we postulated that A. nidulans contains only one PKCencoding gene and that the two contigs are derived from it. Actually, a 2.6-kb fragment, encompassing the Cterminal 600 amino acid coding region and the 3 0 -untranslated region (3 0 -UTR), was PCR-amplified from A. nidulans wild-type total DNA using primers designed based on the two contigs' sequences (Fig. 1) . The promoter region, 5 0 -UTR, and the N-terminal coding region were obtained by inverse PCR (Fig. 1) . A nucleotide sequence of 5,857 bp was determined by sequencing PCR-amplified fragments directly, and eight introns were identified by RT-PCR (accession no. AB103459). As a result, we identified one ORF encoding a 1,085 amino acid protein and designated it pkcA. In the course of our investigation, the A. nidulans genome sequence was made public (http://www.broad. mit.edu/annotation/genome/aspergillus nidulans/Home. htm). A BLAST search revealed that pkcA is the only The entire A. nidulans PkcA amino acid sequence was compared with known fungal PKCs, and a phylogenetic tree was drawn using Clustal X 35) (Fig. 2A) . The tree structure resembles those drawn by other researchers. 17, 20) A. nidulans PkcA was the closest to A. niger PkcA. As described previously, PKCs from filamentous fungi were closer to each other than to those from yeasts. The fungal PKCs identified to date have several conserved domains, which were also conserved in PkcA (Fig. 2B) . The N-terminal regulatory region consists of the HR1, C2, and C1 domains and a pseudosubstrate sequence. The C-terminal catalytic region consists of a kinase domain. An alanine/proline/glutamine-rich hinge region, whose primary amino acid sequence is not well conserved among fungal PKCs, links the N-and C-terminal regions.
pkcA is essential to viability To learn the physiological role of pkcA, we attempted to construct pkcA deletion mutants. The wild-type strain (ABPUS/sC/PG-22) was transformed to replace the Nterminal 462 amino acid-encoding region with the argB gene (Fig. 3) . Thirty-four arginine-prototrophic (Arg þ ) transformants were obtained, two transformants of which did not form colonies when their conidia were inoculated on selection medium but formed colonies when their hyphae were inoculated. We performed Southern analysis and found that these two transformants contained both the wild-type and the replaced pkcA loci (Fig. 3B and data not shown) . The presence of the replaced pkcA locus in the two transformants was further confirmed by PCR: a 1.6-kb DNA fragment specific to the replaced pkcA locus was PCR-amplified from the total DNAs of the two transformants (Fig. 3C) . Based on these results, we concluded that the two transformants A, Phylogenetic analysis of fungal PKCs. The unrooted phylogenetic tree was constructed using Clustal X and drawn using TreeView. A. nidulans pkcA is underlined. Species abbreviations are An (organism Aspergillus niger, accession No. U10549), Bf (Botrytis fuckeliana, Y18252), Bg (Blumeria graminis, AF247001), Ca (Candida albicans, P43075), Ch (Cochliobolus heterostrophus, Y15839), Mg (Magnaporthe grisea, AF136600), Nc (Neurospora crassa, Y12002), Sc (Saccharomyces cerevisiae, P24583), Sp (Schizosaccharomyces pombe, P36582 and P36583), Ss (Sporothrix schenckii, AF124792), Tb (Tuber borchii, AJ245437), and Tr (Trichoderma reesei, Q99014). PKCs of filamentous fungi and the dimorphic fungi Sporothrix schenckii are in the gray zone. B, Structure of PkcA. Boxes represent domains conserved among fungal PKCs.
(designated ///pPSP-11, 12) were heterokaryons containing both wild-type and pkcA-deleted nuclei. Since each conidium of A. nidulans contains only one nucleus, that of these transformants should have a pkcA þ argB À or pkcA À argB þ nucleus. No conidia of these transformants grew on the selection medium, suggesting that pkcA is essential to the growth of A. nidulans. Southern analysis revealed another transformant that showed a hybridization pattern like that of the heterokaryons. This transformant formed colonies when their conidia were inoculated on selection medium. We assumed that it was a diploid. We isolated heterokaryons after haploidization on media containing 0.50 mg/ml benomyl (data not shown). We designated the diploid strain ///pPSP-16d and the haploidized heterokaryon ///pPSP-16. Neither Southern analysis nor PCR amplification showed the presence of the replaced pkcA locus in the other 31 transformants (data not shown). To confirm that pkcA is essential to viability, we constructed ///pPSP-16dwA strains with green conidia by transformation of the wA gene into ///pPSP-16d. We isolated white conidia that should have haploid nuclei from a total of 18 white sectors of their colonies by haploidization treatment (see ''Materials and Methods''). None of these white conidia grew on the selection medium (MMG without arginine), whereas they grew well on the non-selection medium (MMG with arginine). These results indicate that pkcA is essential to the growth of A. nidulans. We also tried to isolate pkcA deletion mutants from a ku strain using another strategy (see ''Materials and Methods''), and obtained only heterokaryons containing wild-type and pkcA-deleted nuclei (we designated them ÁpkcA3-1h). This result also supports this conclusion.
Terminal phenotype of the pkcA deletion mutant To determine the terminal phenotype of the pkcA deletion mutant, conidia of ///pPSP-16 (heterokaryon), ///-10 (arginine prototrophic wild-type strain), and ABPUS/sC/PG-22 (arginine auxotrophic wild-type strain) were spread on solid selection medium (MMG), incubated for 24 h, and observed under a microscope (Fig. 4) . Of the three strains, only ///-10 formed normal hyphae (Fig. 4A) . ABPUS/sC/PG-22 conidia did not germinate, or stopped germ tube extension immediately after germination (Fig. 4B, C) . ///pPSP-16 conidia germinated, but the germ tubes extended more slowly than those of ///-10. The germ tubes were shaped abnormally and were accompanied by lysis (Fig. 4D-F) . Consequently, ///pPSP-16 conidia did not form colonies (data not shown). These defects were not remedied when ///pPSP16 conidia were germinated on MMG with osmotic stabilizer. Conidia of ÁpkcA3-1h showed almost the same phenotype as those of ///pPSP-16 on selection medium (data not shown). Conidia from ///-10 (wild type, argB þ , A), ABPUS/sC/PG-22 (wild type, argB À , B and C) and ///pPSP-16 (heterokaryotic pkcA deletion mutant, argB þ , D-F) were grown for 24 h on MMG plates. Arginine was not supplemented. The black arrowhead marks a probable arginine auxotrophic conidium. Open arrowheads point at sites of cell lysis. Bar, 10 mm.
Construction and characterization of conditional pkcA mutants
We constructed conditional pkcA mutants by inserting an alcA promoter alcA(p) between the pkcA promoter and the start codon of the chromosomal pkcA locus (Fig. 5A, B) . Southern analysis confirmed that three transformants (///pPAALP-20, -29, and -32) were transformed as expected. They showed indistinguishable growth phenotypes. The results of the analysis of /// pPAALP-20 and -29 are described below. Hereinafter, we call them alcA(p)-pkcA mutants.
The alcA(p)-pkcA mutants grew in liquid culture under either alcA(p)-inducing conditions (MMTF) or repressing conditions (Y2G). In liquid Y2G culture, the alcA(p)-pkcA mutant hyphae branched frequently and lysed occasionally (data not shown). Aggregates of lysed hyphae were observed. In a liquid MMTF culture, the hyphal morphology of the alcA(p)-pkcA mutants was similar to that of the wild-type strain after 12 h of growth, although the alcA(p)-pkcA mutant hyphae branched more frequently than those of the wild-type strain after 20 h of growth (data not shown). Total RNAs were prepared from mycelia cultured in liquid MMTF or Y2G for 20 h, and the mRNA levels of pkcA in the alcA(p)-pkcA mutants and the wild-type strains were examined by Northern analysis (Fig. 5C ). In the alcA(p)-pkcA mutants, pkcA mRNA was almost undetectable under the alcA(p)-repressing condition, and was abundant under the alcA(p)-inducing condition. In the wild-type strain, pkcA mRNA levels were very low under both conditions. The pkcA mRNA levels in the wild-type strain and the alcA(p)-pkcA mutant under the alcA(p)-repressing condition (liquid Y2G) were also measured by quantitative RT-PCR. They were approximately 3:6 AE 0:8 and 0:8 AE 0:1 (Â10 2 copies/ng total RNA) respectively. In vitro PKC activity in mycelia cultured in liquid Y2G for 12 h or in liquid MMTF for 20 h was measured using a PkcA-specific substrate (P) ( Table 2) . Under the alcA(p)-repressing condition, the PKC activity in the alcA(p)-pkcA mutant was less than 20% of that in the wild-type strain, but under the alcA(p)-inducing condition, the PKC activity in the alcA(p)-pkcA mutant was more than 30 times the activity in the wild-type strain. Similar results were obtained using a general PKC substrate (N), although the measured values were lower than those measured using a PkcA-specific substrate. These results indicate that pkcA was expressed under the control of alcA(p) in the alcA(p)-pkcA mutants, and they suggest that repression of pkcA expression lowered cell wall strength in liquid culture.
The growth phenotypes of the alcA(p)-pkcA mutants on solid media were also examined (Fig. 6) . Under the alcA(p)-inducing condition (MMTF), the alcA(p)-pkcA mutants formed colonies almost indistinguishable from those of the wild-type strain. Under the alcA(p)-repressing condition (Y2G), the alcA(p)-pkcA mutants formed colonies that were approximately 35-40% smaller than that of the wild-type strain, and they formed conidiophores of normal morphology (Fig. 6 and data not shown). These results are inconsistent with the case of the inviable pkcA deletion mutants. This inconsistency might be attributable to incomplete repression of pkcA expression under the alcA(p)-repressing conditions, but hyphae of the alcA(p)-pkcA mutants lysed frequently on solid media under the repressing condition (Fig. 7) , suggesting that pkcA is required for the maintenance of cell integrity.
If the slow growth of the alcA(p)-pkcA mutants was caused by defects in cell wall construction, osmotic support should remedy this slow-growth phenotype. To test this possibility, we cultured the alcA(p)-pkcA mutants on solid media containing different osmotic stabilizers (sorbitol, sucrose, KCl, or NaCl) at 0.0625 M-1.5 M (Fig. 6 and data not shown) . None of these stabilizers remedied the defective growth phenotypes (viz., slow-growth and hyphal lysis phenotypes) of the alcA(p)-pkcA mutants. The addition of 0.0625 M-0.125 M KCl did not affect the growth of the alcA(p)-pkcA mutants, but the addition of higher concentrations of KCl was rather harmful to them. For example, the addition of 0.5 M KCl to Y2G lowered the relative growth rate of the alcA(p)-pkcA mutants from 60-65% to 30-40% of the growth rate of the wild-type strain (Fig. 6 ). The addition of 1.0 M sorbitol plus 0.5 M KCl further slowed the growth of the alcA(p)-pkcA mutants. Other osmotic stabilizers showed similar inhibitory effects ( Fig. 6 and data not shown) . These deleterious effects of osmolites on the alcA(p)-pkcA mutants were not observed under the alcA(p)-inducing condition (data not shown). Growth delay of alcA(p)-pkcA mutants was observed when a chitin-binding dye, a -1,3-glucan synthase inhibitor, or a chitin synthase inhibitor was added to solid Y2G culture (data not shown). These results suggest that repression of pkcA expression perturbs cell wall structure in A. nidulans.
Effect of pkcA overproduction
To determine the effect of pkcA overproduction, we characterized the alcA(p)-pkcA mutants under the alcA(p) inducing conditions. As described above, the alcA(p)-pkcA mutants grew as well as the wild-type strain didon MMTF, while the alcA(p)-pkcA mutants grew slowly on YTF (an alcA(p) inducing condition) compared to the wild-type strain (Table 3 ). This growth delay was not remedied when osmotic stabilizer was added to the media (data not shown). The growth delay of the mutants was more severe when chitin synthase inhibitors, polyoxin B and Nikkomycin Z, glucan synthase inhibitor, micafungin, chitin binding dye, Congo red, or SDS was added to YTF (Table 3 ). The alcA(p)-pkcA mutants also showed increased growth sensitivity to micafungin and Congo red when grown on MMTF (data not shown). These results suggest that overproduction of pkcA perturbs cell wall integrity in A. nidulans. 
Discussion
In this study, we identified a PKC-encoding gene, pkcA, in A. nidulans. Although several PKC-encoding genes have been identified in other filamentous fungi, no successful construction of deletion mutants has been reported. In Cochliobolus heterostrophus and A. nidulans, attempts to obtain deletion mutants of PKCencoding genes were not successful. 15, 23) Our data indicating that pkcA deletion is viable only as a heterokaryon with wild-type nuclei clearly indicate that pkcA is essential to viability in A. nidulans. We constructed conditional pkcA mutants (alcA(p)-pkcA mutants). The hyphae of these mutants lysed frequently, suggesting that pkcA is required for the maintenance of cell integrity, but, their phenotypes were less severe than those of the pkcA deletion mutants. In the wild-type strain, pkcA mRNAs were barely detect- able by Northern analysis (Fig. 5C ), suggesting that low-level expression of pkcA satisfies the cellular requirement. In S. cerevisiae, PKC1, under the control of the inducible GAL1 promoter, can complement a null pkc1 mutation on glucose-containing repressible media. 6) It is possible that even low-level leaky expression from alcA(p) was able to support hyphal growth in the alcA(p)-pkcA mutants. We detected leaky expression of pkcA RNA by quantitative RT-PCR when the alcA(p)-pkcA mutant was cultured in liquid Y2G medium. The alcA(p)-pkcA mutants and the wild-type strain grew similarly well on solid MMTF, while alcA(p)-pkcA mutant hyphae branched more frequently than wild-type hyphae in liquid media after 20 h of cultivation. In addition, these mutants showed a slight growth delay on solid YTF, suggesting that overexpression of pkcA is deleterious to the growth of A. nidulans. This was supported by the fact that these mutants showed increased growth sensitivity to the cell wall destabilizing agents under alcA inducing conditions.
Osmotic support remedies growth defects resulting from mutations in the PKC-encoding gene in S. cerevisiae and C. albicans. 18, 36, 37) In yeasts, osmotic support remedies defective phenotypes caused by cell wall abnormalities. 38, 39) This is also true of filamentous fungi. [40] [41] [42] [43] [44] [45] Although hyphal lysis of the pkcA deletion mutants and alcA(p)-pkcA mutants suggested that they also have cell wall defects, osmotic support remedied neither the cell lysis nor the slow-growth phenotype. On the contrary, the growth of the alcA(p)-pkcA mutants was sensitive to high osmolarity. It has been reported that the PKC1 gene of S. cerevisiae is involved in the regulation of several cellular processes other than cell wall synthesis. 7, 46, 47) In regard to the response to high osmolarity, PKC1 is responsible for the relocation of several nuclear proteins to the cytoplasm after hypertonic shock. 48) PKC1 is also related to glycerol accumulation after hypertonic shock. 49) Interestingly, a double mutation of pck1 þ and pck2 þ in S. pombe is lethal, and this lethality was not suppressed by the addition of 1.2 M sorbitol. 13, 50) Furthermore, a deletion mutant of pck2 þ in S. pombe is hypersensitive to KCl, 51) although the molecular basis for this hypersensitivity is unknown. PkcA of A. nidulans may have a function similar to that of the PKC system of S. pombe, and this function is important to essential cellular processes, including the response to high osmotic conditions. Repression or overexpression of pkcA caused increases in growth sensitivity to drugs that inhibit cell wall synthesis. Similar effects of pkcA repression were also reported by Ronen et al. 25) These results suggest that elaborate regulation of PkcA activity is required to maintain cell integrity. The identification of regulators or effectors of PkcA should help to clarify the physiological roles of pkcA and to explain the phenotypes of the alcA(p)-pkcA mutants at the molecular level. Conidia from ///-10 (wild-type), ///pPAALP-20, and ///pPAALP-29 (alcA(p)-pkcA mutants) were point-inoculated on solid YTF and incubated for 70 h at 37 C. The reagents were added to YTF at the following concentrations: SDS, 50 mg/ml; Congo red, 10 mg/ml; polyoxin B, 500 mg/ml; Nikkomycin Z, 10 mg/ml; micafungin, 10 ng/ml a Means AE S.D. were calculated from three independent experiments. The ratio of the colony diameter of each strain to that of each of the wild-type strain is shown in parentheses.
